MicroRNAs (miRNAs) have a role in diverse pathological states, including oxidative stress, tissue injury, and metabolic disorder.^[@bib1],\ [@bib2],\ [@bib3]^ Notably, change in miRNA levels may be of help to increase the adaptive capacity of cells to pathologic insults.^[@bib4],\ [@bib5]^ Primary miRNAs (pri-miRNAs) are transcribed by RNA polymerase II-like messenger RNA (mRNA) transcription and are subsequently processed to miRNAs by drosha and dicer.^[@bib6]^ Transcriptional induction of pri-miRNA is the crucial step for the control of total miRNA content. Transcription factors such as p53, NF-*κ*B, and C/EBP*β* participate in the transcription of miR-34a, miR-155, and miR-143.^[@bib7],\ [@bib8],\ [@bib9]^ It has been shown that oxidative stress induced by toxicant changed a profiling of miRNA expression levels.^[@bib10]^ However, the specific miRNA induced by oxidative stress and the responsible transcription factor(s) were uncharacterized.

Nuclear factor erythroid-2-related factor 2 (Nrf2) induces the expression of antioxidant genes and phase II enzymes by binding to the antioxidant response elements (ARE) comprised within their promoter regions, contributing to cellular defense mechanisms.^[@bib11],\ [@bib12]^ The cell-surviving and/or cell cycle-progressing effect of Nrf2 is not entirely explained by the ability of Nrf2 to induce anti-oxidant genes,^[@bib13],\ [@bib14]^ because many of pro-oxidants or toxicants also have a stimulating effect on Nrf2 but inhibit cell viability by controlling the fate of cells.^[@bib15],\ [@bib16]^ In addition, no information is available on the function of Nrf2 in regulating a central mediator responsible for both the control of cell cycle and the expression of metabolizing enzymes. miRNAs have the features to control cellular redox homeostasis, viability, and proliferation.^[@bib4],\ [@bib5],\ [@bib17],\ [@bib18]^ It has been shown that Nrf2 alters miR-1 and miR-206 levels via modulation of ROS contents.^[@bib19]^ However, whether Nrf2 directly regulates miRNA gene transcription was not clear.

The kidney is an organ that is particularly vulnerable to drugs or toxicants due to its anatomical, physiological, and biochemical features.^[@bib20],\ [@bib21]^ In fact, acute kidney injury is one of the major dose-limiting adverse effects of drugs such as cisplatin.^[@bib22]^ Cisplatin has been used as a model agent because of its composite nephrotoxicity (i.e., persistent inflammation, multiple cell death pathways, and inactivation of survival pathways). In view of the lack of an understanding on miRNA controlled by oxidative stress, this study investigated the levels of miRNAs increased by Nrf2 in the kidney and elucidated the functional role of specific miRNA in the survival of renal cells against cisplatin toxicity. In addition, we used a network integrating miRNA and mRNA changes to predict a target regulated by the miRNA identified. Here we report that miR-125b is transcriptionally regulated by Nrf2 and serves as an inhibitor of aryl hydrocarbon receptor (AhR) repressor (AhRR) in conjunction with the control of AhR and p53 signaling pathway, which may fill the missing link between Nrf2 and AhR crosstalk in association with cell survival. Our findings showing the novel transcriptional role of Nrf2 in the expression of *MIR125B1* gene and the function of miR-125b in protecting the kidney from cisplatin toxicity may provide key information in understanding kidney pathobiology and designing a strategy for the treatment of kidney disease.

Results
=======

Increases in miR-125b levels by Nrf2 activation
-----------------------------------------------

Analysis of the miRNA microarray data set (GSE19540) enabled us to extract six miRNAs upregulated in the mouse lung by oltipraz (an Nrf2 activator).^[@bib23],\ [@bib24]^ To find kidney-specific miRNA(s) affected by Nrf2, we assayed the miRNAs using quantitative real-time PCR (qRT-PCR) assays in mice orally administered with 30 mg oltipraz/kg/day for 6 consecutive days. Of them, oltipraz treatment significantly increased miR-125b levels, but not those of miR-125a, miR-26a, let-7a, let-7b, and let-7c ([Figure 1a](#fig1){ref-type="fig"}). Consistently, treatment of NRK52E cells with sulforaphane (SFN, another activator of Nrf2) increased miR-125b ([Figure 1b](#fig1){ref-type="fig"}). Similarly, overexpression of Nrf2 exerted a similar effect in HEK293A cells ([Figure 1c](#fig1){ref-type="fig"}). We also verified a significant correlation between Nrf2 and miR-125b expression in a human kidney GEO database, GSE16441 (Liu *et al.*^[@bib25]^; [Figure 1d](#fig1){ref-type="fig"}). Our results indicate that activated Nrf2 may upregulate miR-125b in the kidney.

ARE-mediated transcriptional induction of miR-125b
--------------------------------------------------

To examine whether Nrf2 transcriptionally induces miR-125b, we determined the effect of Nrf2 overexpression on the levels of primary or precursor forms of miR-125b-1 and 2. *MIR125B1* and *MIR125B2* genes produce the same mature miR-125b via different primary transcripts.^[@bib26]^ qRT-PCR analyses showed that enforced expression of Nrf2 notably induced primary and precursor forms of miR-125b-1 or miR-125b-2 ([Figure 2a](#fig2){ref-type="fig"}). In the *in silico* promoter analysis using rVISTA, there existed a conserved putative ARE sequence in the promoter regions of *MIR125B1* or *MIR125B2* ([Figure 2b](#fig2){ref-type="fig"}). Consistently, Nrf2 had the ability to bind to the ARE sites located within the promoter regions, as assessed by chromatin immunoprecipitation (ChIP) assays ([Figure 2c](#fig2){ref-type="fig"}; i.e., −1242 to approximately −1233 bp and −2885 to approximately −2876 bp in *MIR125B1* and *MIR125B2*, respectively). We also determined whether specific disruption of the ARE abolished the ability of Nrf2 to induce luciferase from the miR-125b-1 promoter reporter. Nrf2 overexpression induced luciferase from the construct ([Figure 2d](#fig2){ref-type="fig"}). However, mutant (Mut) miR-125b reporter, in which the ARE sequence was mutated, exhibited a decreased response. Our data indicates that the ARE located between −1242 and −1233 bp in the *MIR125B1* gene is functionally active. These results support the idea that Nrf2 transactivates the *MIR125B* gene through ARE.

Association of miR-125b and kidney protection against cisplatin
---------------------------------------------------------------

Next, we compared the degrees of cisplatin-induced renal injury in wild-type (WT) or Nrf2 knockout (Nrf2 KO) mice. According to our preliminary data (data not shown) and the previous report, we chose a day 3 time point after cisplatin for this experiment (at which serum creatinine level unchanged),^[@bib27]^ because Nrf2 KO would aggravate kidney toxicity. In the histopathological assessment, a single dose of cisplatin injection elicited tubular cell death and inflammatory cell infiltration at day 3, which was aggravated by the loss of Nrf2 ([Figure 3a](#fig3){ref-type="fig"}, upper). In TUNEL (terminal transferase-mediated dUTP nick-end labeling) assays, a deficiency in Nrf2 worsened tubular cell apoptosis ([Figure 3a](#fig3){ref-type="fig"} lower). Consistently, the absence of Nrf2 augmented cisplatin increase of blood urea nitrogen (BUN) or kidney injury molecule-1 (KIM1) mRNA (a specific marker of kidney toxicity; [Figure 3b](#fig3){ref-type="fig"}, left and middle). Of note, Nrf2 KO abrogated an adaptive increase of miR-125b by cisplatin ([Figure 3c](#fig3){ref-type="fig"}).

We then determined whether Nrf2 activation by multiple doses of oltipraz administration rescued the kidney from cisplatin toxicity at day 5 (at which serum creatinine level sufficiently increased).^[@bib27]^ In histopathological examinations and molecular marker measurements, oltipraz treatment protected the kidney against cisplatin challenge ([Figure 4a](#fig4){ref-type="fig"}). Similarly, increases in BUN, KIM1 mRNA, and serum creatinine levels were all diminished by oltipraz treatment ([Figure 4b](#fig4){ref-type="fig"}). Moreover, cisplatin and/or oltipraz treatment increased miR-125b contents in the kidney ([Figure 4c](#fig4){ref-type="fig"}). All of these results support the notion that Nrf2 activation by overexpression or chemical means protects the kidney from cisplatin toxicity in association with the increase of miR-125b.

An integrative network of miR-125b target and clustered gene products
---------------------------------------------------------------------

As an effort to find the target of miR-125b, complementary DNA (cDNA) microarray assays were done using the kidney tissues of WT and Nrf2 KO mice exposed to a single dose of cisplatin (intraperitoneally (i.p.), day 3 after 15 mg/kg of cisplatin treatment). In the experimental set, WT vehicle (WT-Veh) and WT cisplatin (WT-Cis) groups were included in our previous GEO database (GSE35257), because the two groups were simultaneously shared with Nrf2 KO-Veh and Nrf2 KO cisplatin (Nrf2 KO-Cis) groups in the current study (GSE48879). The genes significantly upregulated by WT-Cis relative to WT-Veh were shown as a heatmap and hierarchically correlated ([Figure 5a](#fig5){ref-type="fig"}). Moreover, hierarchical clustering using R program indicated two remarkable clusters (1 and 2). Each cluster displayed differential mRNA patterns between WT-Cis and Nrf2 KO-Cis ([Figure 5b](#fig5){ref-type="fig"}); Nrf2 KO further increased transcript levels for the genes in cluster 1 in response to cisplatin, whereas it caused the opposite effect for those in cluster 2. Gene-set enrichment analysis using DAVID program defined two significant pathways: 'metabolism of xenobiotics cytochrome P450\' and 'p53 signaling pathway\' ([Figure 5c](#fig5){ref-type="fig"}). In protein network analysis using GENEMANIA, the gene sets in cluster 1 and 2 were well integrated by AhR and p53 ([Figure 5d](#fig5){ref-type="fig"}). Moreover, TargetScan algorithms enabled us to select AhRR as the possible target molecule controlled by miR-125b along with AhR and p53. In the subsequent study, we focused on miR-125b regulation of AhRR for the increase in AhR activity.

Identification of AhRR as the inhibitory target of miR-125b
-----------------------------------------------------------

The conserved paring between AhRR 3′-untranslated region (UTR) and miR-125b sequence was nearly perfect, which was depicted with a scheme showing AhRR and AhR interaction in [Figure 6a](#fig6){ref-type="fig"}. To determine the regulatory effect of miR-125b on AhRR, immunoblotting, AhRR 3′-UTR reporter, and AhR activity reporter assays were performed after modulation of miR-125b levels. Transfection of NRK52E cells with miR-125b mimic decreased the level of AhRR ([Figure 6b](#fig6){ref-type="fig"}); sufficient AhRR expression was confirmed in the cell line ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). miR-125b mimic transfection also diminished luciferase expression from p-EZX-AhRR 3′-UTR reporter compared with scrambled control miRNA transfection ([Figure 6c](#fig6){ref-type="fig"}). Consistently, transfection with the antisense oligonucleotide (ASO) directed against miR-125b (miR-125b-ASO) promoted luciferase expression from the construct, confirming the inhibitory effect of miR-125b on AhRR mRNA translation ([Figure 6d](#fig6){ref-type="fig"}). It was expected that miR-125b affects AhR-mediated xenobiotic response element (XRE) reporter activity because AhRR represses AhR.^[@bib28]^ miR-125b mimic transfection indeed increased the CYP1A1 XRE reporter activity ([Figure 6e](#fig6){ref-type="fig"}). miR-125b-ASO abrogated the ability of oltipraz to increase XRE reporter activity ([Figure 6f](#fig6){ref-type="fig"}). These results provide evidence that miR-125b serves as an inhibitor of AhRR mRNA translation and increases the transcriptional activity of AhR.

miR-125b induction of mdm2 through AhR activation
-------------------------------------------------

*Mdm2*, an inhibitor of p53, is a target gene of AhR.^[@bib29]^ To link between AhR and p53, we examined the effect of oltipraz treatment with or without miR-125b modulation on the expression of mdm2. Oltipraz increased the levels of mdm2, beginning from 3 h to at least 24 h after treatment ([Figure 7a](#fig7){ref-type="fig"}). The ability of oltipraz to induce mdm2 was antagonized by miR-125b-ASO transfection ([Figure 7b](#fig7){ref-type="fig"}), confirming the role of miR-125b in the induction of mdm2. Consistently, oltipraz treatment abolished p53 or p21 induction by cisplatin ([Figure 7c](#fig7){ref-type="fig"}). Likewise, miR-125b mimic transfection diminished cisplatin induction of p53 ([Figure 7d](#fig7){ref-type="fig"}). AhRR knockdown had the similar effect on p53 with decreased induction of mdm2 (p53 induces mdm2; [Figure 7e](#fig7){ref-type="fig"}). Our results show that AhR activity increased by miR-125b facilitates mdm2 induction, which inhibits p53 activity.

Effect of miR-125b and AhRR on tubular cell survival
----------------------------------------------------

Having identified AhRR as an inhibitory target of miR-125b for p53 activity regulation, we finally explored the functional effect of miR-125b or small interfering RNA (siRNA) of AhRR on cell viability. miR-125b transfection significantly attenuated cisplatin-induced cytotoxicity of NRK52E cells ([Figure 8a](#fig8){ref-type="fig"}). Knockdown of AhRR had a similar effect ([Figure 8b](#fig8){ref-type="fig"}). As expected, oltipraz treatment improved viability of cells against cisplatin with alterations in cleaved PARP level ([Figures 8c and d](#fig8){ref-type="fig"}). We also verified that miR-125b-ASO transfection significantly diminished viability of the cells treated with cisplatin plus oltipraz compared with Con-ASO transfection ([Figure 8e](#fig8){ref-type="fig"}). These results show that miR-125b increased by Nrf2 inhibits AhRR, which may be of help to protect renal cells from toxicant-induced injury.

Discussion
==========

miRNAs have a prominent function in homeostatic plasticity, such as apoptosis, cell proliferation, and differentiation, by fine-tuning the expression of several target proteins.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ miRNA levels in the cell are controlled by several steps (i.e., transcription, processing, and stabilization); increase of pri-miRNA is the plausible approach of cells to protect from pathologic insults, because transcriptional activation by RNA polymerase II would be the major step for quantitative change of miRNAs.^[@bib8],\ [@bib9]^ In the present study, oltipraz was used as a model agent, because it has a robust effect on Nrf2; M2 metabolite from oltipraz is a strong *in vivo* activator of Nrf2.^[@bib30],\ [@bib31],\ [@bib32]^ The results shown in this study demonstrate the ability of Nrf2 to regulate *MIR125B*. The causal relationship between Nrf2 and miR-125b was supported not only by the results of cell-based assays using SFN or a construct encoding for Nrf2, but by analyzing the human kidney database, implying that a quantitative variation of miR-125b by Nrf2 may have an impact on cell survival and adaptation in pathological situations accompanying oxidative stress. In the analysis of GSE19540, oltipraz treatment increased six different miRNAs in the lung. Of them, oltipraz treatment increased only miR-125b in the kidney, despite abundance of the other miRNAs; this may have resulted from organ-specific variations or different assay methods.

A mature form of miR-125b is originated from two independent genes, *MIR125B1* and *MIR125B2*.^[@bib26]^ An important finding of the present study is identification of the genes as the transcriptional target of Nrf2. Consistently, putative ARE sites existed in both of the promoter regions. Our observation that enforced expression of Nrf2 increased primary or precursor miR-125b-1/2 levels supports the ability of Nrf2 to transcriptionally activate the genes, which was strengthened by the presence of functionally active ARE sites. Thus, it is highly likely that Nrf2 simultaneously induces both pri-miR-125b-1 and pri-miR-125b-2. This idea was verified by the result of ARE mutation assay (*MIR125B1* promoter was cloned and used for the identification of active ARE site, because the transcription start site was known).^[@bib33]^ Mutation of the ARE significantly inhibited luciferase induction; partial inhibition may have been due to other factor(s) induced by Nrf2 or cryptic ARE site, which may exist upstream of 3 kb (analysis using rVISTA 2.0 prediction algorithms showed only one ARE site within ∼3 kb). This remains to be clarified in the future. To our knowledge, this is the first finding that Nrf2 serves as a transcriptional factor of miRNA genes.

Toxic nephropathy represents a pathological situation elicited by drugs or chemicals.^[@bib34]^ The most representative group of chemicals that cause kidney toxicity includes cancer chemotherapeutics such as cisplatin and doxorubicin.^[@bib35]^ Cisplatin is used for the treatment of testicular and ovarian cancers, but induces adverse effects in the kidney. Kidney injury is in fact a major problem, which limits the dose of cisplatin in clinical situations.^[@bib22]^ Our results shown here confirmed augmented kidney toxicity in Nrf2 KO mice, as indicated by greater changes in histopathology, BUN, or KIM1 mRNA levels. The findings that cisplatin treatment increased renal miR-125b levels (presumably due to adaptive response) and which was abrogated by Nrf2 KO clearly match with the result of cell-based assays. In several cancer species, miR-125b levels are downregulated by methylation of the promoter region.^[@bib36]^ As highly methylated promoter locus of *MIR125B* is in close proximity to the ARE site, the mutational activation of Nrf2, an event observed in certain malignant cancers, may not accompany increase of miR-125b. In addition, due to the epigenetic difference in *MIR125B* promoter between normal cell and cancer, exploitation of Nrf2 activator or other miR-125b modulator is expected to be a strategy for the rescue of kidney from cisplatin toxicity.

Nrf2 is a transcription factor necessary for the protection of many organs from oxidative stress^[@bib37],\ [@bib38]^ and is activated by a large number of beneficial compounds.^[@bib39]^ Nrf2 facilitates the induction of target genes responsible for cell survival (i.e., Bcl-2 and Bcl-xL).^[@bib40],\ [@bib41]^ When cells are exposed to toxicants (e.g., cisplatin), Nrf2 is activated as an adaptive response to escape from oxidative stress.^[@bib42]^ However, Nrf2 activated by toxicant would limit the capacity of cells to escape from injury, because they also stimulate cell death signaling. In our results, exposure of mice to oltipraz before cisplatin treatment protected the kidney against injury by expanding the capacity of Nrf2, which parallels the increase in miR-125b levels by oltipraz alone or in combination with cisplatin. The discrepancy between oltipraz and cisplatin in activating Nrf2 and p53 pathway would explain the differential effect on kidney cell viability despite similar increases in miR-125b by oltipraz, cisplatin, or both. Hence, it is likely that increase of miR-125b before toxicant challenge would contribute to the protection of renal cells. All of these results support the conclusion that Nrf2-dependent induction of miR-125b has a role in protecting the kidney from acute injury.

In the present study, we report an integrative network of miR-125b and mRNA changes in the cDNA arrays, which enabled us to predict AhRR as an inhibitory target of miR-125b. Moreover, clustering analyses using KEGG pathways and GENEMANIA revealed the association of AhRR with the molecules linked to antioxidant enzymes, p53, and its downstream targets. Our network raised the concept that AhRR controlled by miR-125b serves as a core molecule that balances the expression levels from two separate gene clusters. Another intriguing finding of the present study is the discovery of the fact that miR-125b increased by Nrf2 promotes the transcriptional activity of AhR. Our results from the experiments using 3′-UTR reporter, miR-125b mimic, and its inhibitor clearly demonstrate that miR-125b directly inhibits AhRR mRNA translation by binding to its 3′-UTR, which consequently activates AhR for the induction of genes comprising XRE.

AhR overactivated by environmental toxicant disrupts signaling pathways in the cell and may facilitate chemical carcinogenesis.^[@bib29],\ [@bib43],\ [@bib44]^ On the other hand, complete depletion of the AhR gene also causes organ damage and carcinogenesis.^[@bib45],\ [@bib46],\ [@bib47],\ [@bib48]^ Thus, balanced activation of AhR by endogenous ligand seems to be required for normal physiology and cell survival. As AhR is a master transcription factor of both phase 1 and 2 enzyme genes,^[@bib49]^ a deficiency of AhR would inhibit not only cell cycle progression and cell survival, but cellular detoxifying and antioxidant capacity, which needs be counter-balanced by the compensatory increase in antioxidant capacity. Nrf2 serves as an antioxidant transcription factor.^[@bib12],\ [@bib39],\ [@bib50]^ Despite the attention on crosstalk between AhR and Nrf2,^[@bib51],\ [@bib52]^ underlying mechanisms and the physiological meaning of their functional crosstalk had been ambiguous. As AhRR represses AhR activity via competing of binding with Arnt,^[@bib28]^ AhRR expression would cause a shift of AhR activity towards depletion. Hence, it is highly likely that Nrf2 has a role in fine-balancing between AhR and AhRR by varying miR-125b level. Our finding may fill the missing link between Nrf2 and AhR crosstalk requisite for cell survival against oxidative stress. This may also explain the beneficial impact of phytochemicals on cell survival.

Our results that oltipraz treatment induced mdm2 throughout the times examined and the ability of oltipraz to induce mdm2 was diminished by miR-125b-ASO indicate that miR-125b induces mdm2, being consistent with the ability of AhR to activate mdm2.^[@bib29]^ Thus, an increase in AhR activity negatively regulates p53 through mdm2,^[@bib29]^ as verified by the antagonism of oltipraz treatment or miR-125b transfection on the induction of p53 by cisplatin. This idea was strengthened by the ability of siRNA of AhRR to inhibit p53. In the present study, miR-125b transfection repressed p53 by inhibiting AhRR, which may be the major pathway for p53 inhibition in the species. Human p53 mRNA is a direct target of miR-125b. However, the 3′-UTR of mouse or rat p53 mRNA has no miR-125b-binding site.^[@bib53],\ [@bib54]^ Considering the feature of miRNA targeting diverse mRNAs associated with the molecules simultaneously linked to p53, a variation of miR-125b would effectively alter p53 activity by changing different cellular pathways. In human cells, increase of miR-125b may directly repress p53.^[@bib53],\ [@bib54]^ As the miR-125b-binding site within the 3′-UTR of AhRR is conserved in mouse, rat, and human, increase of miR-125b would have a greater impact on renal cell survival in human. Overall, it is highly likely that AhR activation, as a result of AhRR inhibition, enables cells to survive against toxic stimuli across the species.

p53 is the key molecule for the progression of apoptosis.^[@bib55]^ In particular, activation of p53 signaling pathway is the determinant of cell death in response to toxicants.^[@bib7]^ In Nrf2 KO mice, cisplatin treatment fortified the p53 signaling pathway, confirming the role of p53 in cell-death signaling pathway. Our results clearly showed that either miR-125b mimic or AhRR knockdown rescued cells from cisplatin-induced apoptosis. This was also accomplished by oltipraz treatment. Moreover, the rescuing effect of oltipraz was antagonized by the ASO of miR-125b, supporting the notion that the modulation of miR-125b by pharmacological activator of Nrf2 is indeed capable of protecting renal cells against toxicity. Our results also provide evidence that the regulation of miRNA may constitute an important strategy for the prevention and/or treatment of acute kidney injury. As no successful means has been developed until now to overcome kidney toxicity, our findings would provide key information on potential applications of the identified molecules for the control of cell fate and viability.

Materials and Methods
=====================

Materials
---------

Anti-p53 antibody was purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies specifically directed against Nrf2, mdm2, p21, and PARP were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-AhRR antibody (ab85666) was purchased from Abcam (Cambridge, UK). Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse IgGs were obtained from Zymed Laboratories (San Francisco, CA, USA). Oltipraz was provided from CJ Corporation (Seoul, Korea), as described previously.^[@bib56]^ Anti-*β*-actin antibody, cisplatin, and other reagents were supplied from Sigma (St. Louis, MO, USA).

Animal treatment
----------------

Animal experiments were conducted under the guidelines of the Institutional Animal Use and Care Committee at Seoul National University. Male C57BL/6 mice (6 weeks old) were purchased from Samtako Company (Osan, Korea), and housed at 20±2 °C with 12-h light/dark cycles and a relative humidity of 50±5% (Tecniplast, Varese, Italy) under filtered, pathogen-free air, with food (Purina, Seoul, Korea) and water available *ad libitum*. Mice were orally treated with multiple doses of oltipraz (30 mg/kg body weight/day), as indicated in the schemes in [Figures 1](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}. After the mice were injected with a single dose of cisplatin (i.p., 15 mg/kg body weight), kidney tissues were taken for biochemical assays as depicted in the schemes. Normal saline and 30% PEG400 were used as vehicles for cisplatin and oltipraz, respectively. Nrf2 KO mice^[@bib12]^ supplied by RIKEN BioResource Center (Tsukuba, Japan) were bred and maintained. Nrf2 KO C57/BL6 mice were backcrossed with WT C57/BL6 mice for at least 6 months, and only male mice were used for experiments. Three days after WT and Nrf2 KO mice were injected with a single dose of cisplatin, the kidney samples were taken for biochemical assays. For serum preparation, blood was collected in BD Vacutainer serum collection tubes (BD, Franklin Lakes, NJ, USA) and was allowed to clot for 1 h at room temperature. After centrifugation at 1300 × *g* for 15 min, the serum supernatant was transferred to a clean tube and spun at 2700 × *g*. Aliquots of the samples were prepared and immediately stored at −80 °C.

Cell culture
------------

HepG2, HEK293, and NRK52E (an epithelial type of normal rat kidney cell line) cells were obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum, 50 U/ml penicillin, and 50 *μ*g/ml streptomycin at 37 °C in humidified atmosphere with 5% CO~2~.

Transient transfection and luciferase assays
--------------------------------------------

All transfection experiments were conducted using FuGENE HD Reagent (Promega, Madison, WI, USA) in accordance with manufacturer\'s instruction. Cells were transfected with plasmids encoding Nrf2 (1 *μ*g for [Figures 1c](#fig1){ref-type="fig"}, [2a and c](#fig2){ref-type="fig"}, or 0.5 *μ*g for [Figure 2d](#fig2){ref-type="fig"}). The empty plasmid, pcDNA3.1, was used for mock transfection. To knock down AhRR, cells were transfected with its specific siRNA (ON-TARGETplus SMARTpool L-104632-02, Dharmacon Inc., Lafayette, CO, USA). To modulate miR-125b levels, cells were transfected with miR-125b mimic (sense: 5′-UCCCUGAGACCCUAACUUGUGA-3′, antisense: 5′-ACAAGUUAGGGUCUCAGGCACU-3′) or ASO (5′-TCACAAGTTAGGGTCTCAGGGA-3′, all nucleotides were 2′-*O*-methyl modified; 100 nM each). The scrambled control of miR-125b (sense: 5′-GCAAUUUGGCGUCCUCCACUAA-3′ antisense: 5′-AGUGGAGGACGCCAAAUUCCCU-3′) or control ASO (an unrelated control of sequence 5′-CCTTCCCTGAAGGTTCCTCCTT-3′, all nucleotides were 2′-*O*-methyl modified) was used for mock transfection (100 nM each). pGL3-miR-125b-1 reporter construct contains the promoter region comprising either WT or the mutated (5′-**TGA**CXXXGC-3′→5′-**GTC**CXXGC-3′) ARE (Nrf2-binding site). The plasmid containing Luc-AhRR-3′-UTR (product ID: RmiT047220-MT01; Genecopoeia, Rockville, MD, USA) was specifically synthesized. pGL-CYP1A1-1195 reporter construct containing eight XREs (AhR-binding site) was transfected to measure AhR transcription. Luciferase activity assays were performed with LUC-Pair miR Luciferase assay kit (Genocopoeia) or Luciferase assay system (Promega) according to the manufacturers\' protocols.

RNA isolation and RT-PCR assays
-------------------------------

Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, USA) and was reverse-transcribed. qRT-PCR was performed with the Light Cycler 1.5 (Roche, Mannheim, Germany). The relative levels of human pri-miR-125b-1 (sense: 5′-CGAACAGAAATTGCCTGTCA-3′, antisense: 5′-ACCAAATTTCCAGGATGCAA-3′); human pri-miR-125b-2 (sense: 5′-GAATTCTACCGCATCAAACCA-3′, antisense: 5′-TCTGGTGGTAACTGCAGACAA-3′); and mouse KIM1 (sense: 5′-TTCTCCCAGGCACTGTGGAT-3′, antisense: 5′-TGTTGGAATGCCAGATGAAA-3′) were normalized based on the level of glyceraldehyde-3-phosphate dehydrogenase. The relative levels of human pre-miR-125b-1 (sense: 5′-TGCGCTCCTCTCAGTCCCTGAGA-3′, antisense: 5′-GACTCGCAGCTCCCAAGA-3′); human pre-miR-125b-2 (sense: 5′-ACCAGACTTTTCCTAGTCCCT-3′, antisense: 5′-AGGTCCCAAGAGCCTGACTT-3′); miR-125b (5′-TCCCTGAGACCCTAACTTGTGA-3′); miR-125a (5′-TCCCTGAGACCCTTTAACCTGTGA-3′); miR-26a (5′-TTCAAGTAATCCAGGATAGGCT-3′); let-7a (5′-TGAGGTAGTAGGTTGTATAGTT-3′); let-7b (5′-TGAGGTAGTAGGTTGTGTGGTT-3′); and let-7c (5′-TGAGGTAGTAGGTTGTATGGTT-3′) were normalized based on the level of RNU6B. Mature miRNAs were amplified using each specific miR primer and miScript universal primer (Qiagen, Hilden, Germany). After PCR amplifications, a melting curve of each amplicon was determined to verify its accuracy.

ChIP assay
----------

ChIP assay was done using the EZ ChIP kit (Milipore, Billerica, MA, USA) according to the manufacturer\'s protocol. Nrf2 bound DNA was pulled down with anti-Nrf2 antibody (H-300) in HEK293A cells transfected with Nrf2. The DNA samples from immunoprecipitates were PCR amplified using primers specific for the *MIR125B1* gene (sense: 5′-TGAGCAAGGTAGATGGCTGG-3′, antisense: 5′-AGTTGTCTTGAAGGTGGGGG-3′) or *MIR125B2* promoter (sense: 5′-CTGCATGCTGGGATCTGTCT-3′, antisense: 5′-TTCGCAACACAAAAGGCAAT-3′), and the control primers (Millipore).

Histopathology
--------------

The renal cortices were fixed in 10% buffered neutral formalin for 6 h. The samples were stained with hematoxylin and eosin. TUNEL assay was also done using the DeadEnd Colorimetric TUNEL System (Promega), according to the manufacturer\'s instruction. Images of renal morphology were obtained by light microscopy.

Microarray analysis and bioinformatics
--------------------------------------

The integrity of total RNA extracted from the kidney was assessed using a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). The RNA integrity numbers was 10 for all samples. Five hundred nanograms of high-quality total RNA was amplified with a TotalPrep amplification kit (Ambion, Austin, TX, USA) and 750 ng of amplified cRNA was hybridized to the Illumina MouseWG-6 expression beadchip for 16 h. The hybridized array was scanned with a BeadArray Reader (Illumina, San Diego, CA, USA). The microarray data were deposited in GEO database before submission (accession number: GSE48879). The Illumina MouseWG-6 Expression BeadChip enabled us to detect expression levels for nearly 31 000 genes in the kidney day 3 after treatment of mice with a single dose of vehicle or cisplatin. Three array replicates were obtained for each condition. The probe intensities were normalized at log2 scale using quantile normalization in beadarray 1.6 using R software (Bioconductor; <http://www.bioconductor.org> in the public domain). Differentially expressed genes (DEGs) by cisplatin were identified independently using Student\'s *t*-test: DEGs were selected as the genes with Student\'s *t*-test *P*-values\<0.05 with a fold-change of \>1.5 ([Figure 5a](#fig5){ref-type="fig"}). Hierarchical clustering with Pearson\'s correlation of the DEGs was analyzed using R software (Bioconductor, pvclust). Statistically enriched signaling pathways of clustered DEGs were ranked and categorized according to KEGG pathway using DAVID 6.7 software.^[@bib57]^ Gene interaction network between the clustered DEGs was achieved by GENEMANIA software^[@bib58]^ and visualized by Cytoscape 3.0.0 software.^[@bib59]^ Putative target mRNAs for miR-125b were predicted using Targetscan algorithm.

Immunoblot analysis
-------------------

Cell lysates were prepared according to previously published methods.^[@bib56]^ Protein bands of interest were developed using the ECL chemiluminescence system (Amersham, Buckinghamshire, UK). Equal loading of protein was verified by immunoblotting for *β*-actin.

MTT assays
----------

The MTT assay was performed according to the previously published method.^[@bib60]^ Absorbance was detected at 540 nm using an enzyme-linked immunosorbent assay microplate reader (Tecan, Durham, NC, USA). Cell viability was calculated relative to untreated control samples, that is, viability (% of control)=100 × (absorbance of treated sample/absorbance of control sample).^[@bib60]^

Statistical analyses
--------------------

Pearson\'s coefficients with associated *P*-values were used for correlation analysis. For animal experiments and cell-based assays, data represent the mean±S.E.M. The differences between groups were analyzed using two-tailed Student\'s *t*-test. The criterion for statistical significance was set at *P*\<0.05 or *P*\<0.01.
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![Increase in miR-125b levels in the kidney by Nrf2. (**a**) qRT-PCR assays of kidney miRNA levels in mice treated with oltipraz. Mice were gavaged with 30 mg oltipraz/kg/day for 6 days and were killed 1 h after the last dose. miRNAs increased by oltipraz in the lung miRNA database (GSE19540) were subjected to analyses in the kidney. Data represent the mean±S.E.M. (significantly different as compared with vehicle treatment, \*\**P*\<0.01, NS, not significant; *n*=4 or 5 per group). (**b**) Increase of miR-125b by SFN treatment. miR-125b levels were assessed in NRK52E cells treated with 20 *μ*M SFN for 12 h. (**c**) Increase of miR-125b by Nrf2 overexpression. miR-125b levels were assessed in HEK293A cells transfected with pcDNA3.1 or a construct encoding for Nrf2 for 48 h. (**d**) Correlation between miR-125b and Nrf2 mRNA levels. miR-125b and Nrf2 transcript levels were compared using human kidney miRNA and cDNA arrays database (GSE16441). For **b** and **c**, data represent the mean±S.E.M. of three independent experiments (significantly different as compared with experimental control, \*\**P*\<0.01)](cddis2013427f1){#fig1}

![Transcriptional induction of miR-125b1/2 by Nrf2. (**a**) The effect of Nrf2 overexpression on the levels of primary or precursor forms of miR-125b-1 or 2. miRNAs levels were determined using qRT-PCR in HEK293A cells transfected with pcDNA3.1 or Nrf2 for 24 h (primary) or 48 h (precursor). Data represent mean±S.E.M. from three or four independent experiments (significantly different as compared with experimental control, \**P*\<0.05). (**b**) Analyses of putative Nrf2-binding sites in the promoter regions of *MIR125B1* or *2*. Evolutionary conserved Nrf2-binding sites were predicted at the upstream regions of *MIR125B1* or *MIR125B2* genes using rVISTA 2.0 program (0.75 position weight matrices cut-off value). (**c**) ChIP assays. Crosslinked protein--DNA complexes were immunoprecipitated using anti-RNA polymerase II antibody (Pol II, positive control), preimmune-IgG (negative control), or anti-Nrf2 antibody in HEK293A cells transfected with Nrf2. The DNA samples from immunoprecipitates were PCR-amplified using primers specific for the region −1466 to approximately −1198 bp of *MIR125B1* (268 bp), the region −2724 to approximately −3002 bp of *MIR125B2* (278 bp), and the control −118 to approximately +48 bp region (GAPDH promoter, 166 bp). One-tenth of the total input was used as a loading control. (**d**) pGL3-miR-125b-1 promoter luciferase assays. pGL3-miR-125b-1 reporter construct contains the promoter region comprising either WT or mutated (Mut) ARE (Nrf2-binding site). The luciferase reporter activity was measured in HEK293A cells co-transfected with Mock (pcDNA3.1) or Nrf2 for 24 h. Data represent mean±S.E.M. from three replicates (significantly different as compared with experimental control, \*\**P*\<0.01)](cddis2013427f2){#fig2}

![The effect of Nrf2 KO on the increase of miR-125b in the kidney by cisplatin. (**a**--**c**) Kidney or blood samples were taken for biochemical assays at day 3 after a single injection of cisplatin to WT or Nrf2 KO mice (15 mg/kg, i.p., *n*=4 or 5 per group). (**a**) Hematoxylin and eosin (H&E) or TUNEL staining. Asterisks indicate epithelial cell cast, which represents necrosis of the tubular epithelium. TUNEL-positive cells were stained as red color (scale bar=100 *μ*m). (**b**) BUN, renal KIM1 mRNA, and serum creatinine contents. (**c**) The effect of cisplatin treatment on miR-125b levels in the kidney. For **b** and **c**, data represent the mean±S.E.M. (significantly different as compared with WT Veh, \**P*\<0.05, \*\**P*\<0.01; or WT Cis, ^\#^*P*\<0.05)](cddis2013427f3){#fig3}

![Association between increase of miR-125b and kidney protection by oltipraz. (**a**--**c**) Animals were treated with oltipraz (30 mg/kg) as described in the legend to [Figure 1a](#fig1){ref-type="fig"}. Cisplatin (15 mg/kg) was i.p. injected 1 h after the first dose of oltipraz (*n*=4--10 per group). (**a**) Hematoxylin and eosin (H&E) or TUNEL staining. Asterisks indicate desquamation of the tubular epithelium. TUNEL-positive cells were shown as red color (scale bar=100 *μ*m). (**b**) BUN, renal KIM1 mRNA, and serum creatinine contents. (**c**) The effects of oltipraz and/or cisplatin treatment on miR-125b in the kidney. The levels of miR-125b in vehicle and oltipraz treatment in [Figure 1a](#fig1){ref-type="fig"} were repeatedly shown here, because all of the assays were done simultaneously. For **b** and **c**, data represent the mean±S.E.M. (significantly different as compared with Veh, \**P*\<0.05, \*\**P*\<0.01; or Cis, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01)](cddis2013427f4){#fig4}

![An Nrf2-dependent integrative network of miR-125b and mRNA changes in gene clusters. (**a**) Heatmap and hierarchical correlation analyses of cDNA microarray. Microarrays were done on RNA samples extracted from the kidney at day 3 after a single injection of vehicle or cisplatin (15 mg/kg) to WT or Nrf2 KO mice. Genes significantly upregulated by WT-Cis compared with WT-Veh were shown by a heatmap with hierarchical correlation. Red, upregulation; blue, downregulation. (**b**) Relative mRNA levels of clustered gene sets. Fold changes relative to vehicle treatment are shown. (**c**) Enriched pathway analysis. Signaling pathways categorized by KEGG pathways are shown. (**d**) An integrative network of miR-125b, AhR, and clustered gene products. Colors indicate gene cluster. Node size reflects log2 gene expression ratio in WT mice treated with cisplatin as compared with vehicle treatment](cddis2013427f5){#fig5}

![Inhibition of AhRR by miR-125b for the control of AhR activity. (**a**) A sequence of miR-125b and its binding sites within the 3′-UTR of AhRR (left), and a scheme showing the interaction between AhRR and AhR (right). (**b**) miR-125b inhibition of AhRR expression. NRK52E cells were transfected with mock (scrambled control) or miR-125b mimic for 30 h. (**c**) miR-125b inhibition of AhRR 3′-UTR reporter activity. Luciferase activity was measured in NRK52E cells transfected with Mock (scrambled control) or miR-125b mimic in combination with a reporter comprising a luciferase cDNA fused to the 3′-UTR of AhRR (pEZX-AhRR 3′-UTR). (**d**) Increase of AhRR 3′-UTR reporter activity by miR-125b-ASO. Luciferase activity was similarly measured in cells transfected with control ASO (Con ASO) or miR-125b-ASO (125b ASO) in combination with pEZX-AhRR 3′-UTR. (**e**) CYP1A1-XRE luciferase reporter assays. Luciferase assays were done on NRK52E cells co-transfected with CYP1A1-XRE luciferase reporter, and Mock (scrambled control) or miR-125b mimic. (**f**) The effects of miR-125b-ASO and oltipraz on XRE reporter activity. After transfection with Con ASO or miR-125b-ASO, NRK52E cells were treated with 3 or 10 *μ*M oltipraz for 6 h. For **c--f**, data represent the mean±S.E.M. of three or four independent experiments (significantly different as compared with experimental control, \* *P*\<0.05; or oltipraz-treated control, ^\#^*P*\<0.05)](cddis2013427f6){#fig6}

![miR-125b-dependent mdm2 induction by oltipraz for p53 repression. (**a**) The time-course effect of oltipraz on mdm2 expression. Immunoblottings were done on the lysates of NRK52E cells treated with 10 *μ*M oltipraz for the indicated times. (**b**) The effect of miR-125b-ASO on mdm2 expression. NRK52E cells were transfected with Con ASO or miR-125b-ASO, and treated with 10 *μ*M oltipraz for 6 h. (**c**) The effect of oltipraz and/or cisplatin treatment on the levels of p53 and p21. Cells were treated with 10 *μ*M oltipraz for 12 h, followed by exposure to 30 *μ*M cisplatin for the next 12 h. (**d**) The effect of miR-125b transfection on p53 and mdm2. Cells were transfected with mock (scrambled control) or miR-125b mimic, and were continuously treated with 30 *μ*M cisplatin for the next 3 h. (**e**) The effect of AhRR knockdown on p53 and mdm2. NRK52E cells were similarly treated as described above after si Con or si AhRR transfection](cddis2013427f7){#fig7}

![Increase in cell survival by miR-125b against cisplatin toxicity. (**a**--**c**, and **e**) Cell viability was measured using MTT assays. The values of cell viability (%) represent the mean of each group compared with the mean of vehicle treatment (100%). Data represents the mean±S.E.M. of three or four replicates (significantly different as compared with experimental control, \*\**P*\<0.01; or cisplatin-treated control, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01). (**a**) The effect of miR-125b on cisplatin-induced cell death. NRK52E cells were transfected with scrambled control or miR-125b mimic, followed by cisplatin treatment (30 *μ*M for 24 h). (**b**) Increase in cell survival by AhRR knockdown. NRK52E cells were transfected with a siRNA directed against AhRR, followed by cisplatin treatment for 24 h. (**c**) Increase in cell survival by oltipraz. NRK52E cells were treated with 3 or 10 *μ*M oltipraz for 12 h followed by exposure to cisplatin for 24 h. (**d**) Immunoblotting for a biomarker associated with apoptosis. NRK52E cells were treated as described in the legend to [Figure 7c](#fig7){ref-type="fig"}. (**e**) Decrease in cell survival by miR-125b-ASO. NRK52E cells were transfected with Con ASO or miR-125b-ASO, and were similarly treated with oltipraz and cisplatin as described in **c**](cddis2013427f8){#fig8}
